The voluntary task switching paradigm allows subjects to choose which task to perform on each trial in a stimulus environment affording multiple tasks. The present study examined the effect of stimulus availability on task choice. Subjects viewed displays containing a digit and a letter and performed either an even/odd or a consonant/vowel judgment on each trial. The target stimuli appeared with a stimulus onset asynchrony (SOA) of 0, 50, 100, or 150 msec. The probability of performing the task associated with Stimulus 1 increased as SOA increased, indicating an effect of external or stimulus-driven factors on task choice. This effect of stimulus availability on task choice was greater when the response-stimulus interval was 400 msec than when it was 2,000 msec. This interaction of preparation interval and stimulus availability is explained within a model of task choice that includes both internal processes and external influences.
Task switching procedures have become widely used in studying cognitive control processes (Logan, 2003; Monsell, 2003) . Standard task switching paradigms, such as alternating runs or explicit task cuing, specify the task to be performed on each trial and measure task performance when the task repeats versus when the task switches (Meiran, 1996; Rogers & Monsell, 1995) . Reaction times (RTs) are slower on task switches than on task repetitions, and these switch costs are taken to reflect control processes engaged when task sets change (Rogers & Monsell, 1995) or disruptions of task performance on task switches due to carryover of previous task sets (Allport & Wylie, 2000) . However, a full understanding of cognitive control in multitask environments must involve examination of not only sequential task performance, but also task selection.
Consider real-world multitask environments: Individuals in situations that allow for several actions may perform tasks in various equally valid sequences and must choose how to sequence their behavior. To address this difference between natural and experimental environments, Arrington and Logan (2004 Logan ( , 2005 recently developed a voluntary task switching procedure in which subjects choose which one of two or more possible tasks to perform on each trial. Subjects are instructed to perform the tasks equally often and in a random order but are not provided with instructions about which task to perform on a given trial. As in other task switching procedures, performance differences on task repetitions and task switches show robust switch costs. In addition, the voluntary task switching procedure allows for another performance measure: task choice. The probabilities with which subjects carry out specific tasks and transition among tasks provide a new avenue for investigating the control processes involved in multitask performance. Unlike switch cost measures that assess processes influencing performance, task choice measures provide insight into the processes influencing selection of a task to perform. The question of interest becomes not only how but also why a task is performed. Logan (2004, 2005) demonstrated several basic characteristics of task choice in previous voluntary task switching studies. In general, subjects complied well with instructions to perform tasks (e.g., parity and magnitude judgments of single digits) equally often. However, subjects showed a repetition bias, performing task repetitions more frequently than would be expected if tasks were performed in a random sequence. This repetition bias was greatest when the response-stimulus interval (RSI) was short, and it decreased as RSI increased. At longer RSIs, subjects may be better able to carry out controlled processes involved in task choice, which thus reduces the likelihood of simply repeating the task. Finally, task choice appeared for the most part to be unaffected by external stimulus characteristics such as target identity. However, there was evidence that influences of external stimuli on task choice could be found in some cases. In only two of five experiments from Arrington and Logan (2005) were subjects slightly more likely to choose to repeat a task if the stimulus repeated. On the basis of the small and inconsistent nature of these results across experiments, they concluded that task choice in voluntary task switching environments was largely controlled in a top-down fashion, thus providing evidence for voluntary behavior that could be measured within this experimental paradigm. Mayr and Bell (2006) recently challenged this conclusion in an investigation of factors influencing choice in voluntary task switching. In the context of a larger consid-
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ronment. Under this view, task choice is driven by many factors. It is the goal of the present research to specify some of these factors and describe their relationships. In real-world multitask environments, many external factors may influence the choice that an individual makes about which task to perform at a given time. One of these factors is the availability of the stimulus affording a task. Stimulus availability may be highly dynamic for a variety of reasons. As objects move, or as individuals move through an environment, stimuli may be occluded from view or shifted to an inaccessible location. More basically, shifts in gaze and focus of visual attention result in constant updating of the external stimuli currently available to the cognitive system. The present research investigates whether such stimulus availability influences task choice in multitask environments. On the one hand, if task choice is driven strictly in a top-down fashion on the basis of internal goals (in a task-level representation), then stimulus availability should not influence task choice. In this view, the selection of a task to perform occurs at a stage independent of and prior to the processing of stimuli by the cognitive system once the appropriate task set is established. On the other hand, if task choice is influenced by both top-down and bottom-up factors (in a parameterlevel representation), then stimulus availability should influence task choice. The availability of a stimulus to the cognitive system may initiate processing of that stimulus or performance of a task afforded by that stimulus (Norman & Shallice, 1986) . In multitask environments where two or more task sets may be maintained simultaneously in working memory, greater availability of the stimulus associated with one of those task sets may influence subjects to perform that task with higher probability.
ExpEriMEnT 1
In the present experiments, stimulus availability was manipulated by varying the time at which the stimuli affording each task were made available to the subjects. Subjects performed two tasks: digit classification (i.e., even/odd) and letter classification (i.e., consonant/vowel). Both a number and a letter appeared on every trial, allowing for presentation of the two stimuli with variable stimulus onset asynchrony (SOA). If the availability of external stimuli does influence task choice, then the probability of performing the task associated with the first stimulus to appear should increase as the SOA between the two stimuli increases.
Method
Subjects. Sixteen Lehigh University undergraduates participated in exchange for partial course credit. All subjects reported normal or corrected-to-normal visual acuity.
Apparatus and Stimuli. Experimental testing was carried out on a Dell Dimension with a 17-in. CRT monitor. The display of stimuli and recording of responses were controlled using the E-Prime software package.
All stimuli were presented in black Courier New font on a light gray background. Viewing distance was not constrained. The fixation screen contained a 5 3 5 mm cross in the center of the screen and four 7 3 5 mm pound signs (#) serving as placeholders at the possible stimulus locations. The placeholders were positioned at the apices of an invisible square, each centered 20 mm from fixation. eration of individual differences in voluntary task switching performance, they examined the effect of target repetition on task choice. Across two different pairs of tasks, performance of task repetitions was significantly more frequent when the target stimulus repeated. This effect was particularly strong in spatial mapping tasks that involved only two target stimuli, thus allowing for frequent target repetitions. These findings led Mayr and Bell to conclude that "the cognitive system is highly susceptible to exogenous influences during voluntary choice" (p. 779). These early findings raise questions about the degree to which task choice in voluntary task switching experiments reflects voluntary behavior.
In voluntary task switching, task choice is defined on the basis of the response performed on each trial (but see Arrington & Logan, 2005, Experiment 6 , for a method for directly measuring task choice). The task performed may be determined by multiple factors; however, these factors must be reflected in the task set that ultimately leads to a response. The term task set has been used in at least two ways in the task switching literature: (1) to describe a state of preparation for a particular task, and (2) to specify a group of component operations needed to perform a particular task. In the present context, the second definition may provide the greatest traction for operationalizing task choice. Logan and Gordon's (2001) executive control of Bundesen's theory of visual attention (ECTVA) provides one of the more explicit definitions of a task set as "the set of control parameters that is necessary to program TVA to perform a particular task" (p. 396). Furthermore, ECTVA proposes two levels of task representation in working memory: task level and parameter level. The task-level representation involves the task instructions that may be held in a propositional representation. The task-level representation may be accessible to conscious awareness and may loosely be thought of as task goals. Once a task-level representation is formed, a parameter-level representation is derived and transmitted from working memory to the subordinate systems that carry out the tasks. It is this parameter-level representation that determines the task set and ultimately what response is performed on a given trial. In voluntary task switching, the operationalization of task choice based on the response performed means that task choice is more tightly linked to the parameter level, which guides task execution, rather than the task level, which may be more closely associated with intentional choice.
ECTVA views attention as a choice process, a race among all possible categorizations. The speed with which the race is run depends on the parameters for the given task sets. In ECTVA's simplest form, the probability of a categorization is determined by the external evidence for that categorization, η, and by the internal bias toward making a particular categorization, β. Within ECTVA, the η values are determined by the external stimulus environment, and the β values are under the control of the executive. Together, they represent a critical part of the task set necessary for carrying out a particular task. Thus, the determination of which task will be performed results from a combination of factors, some of which are actively set by the executive and some of which are passively dictated by the stimulus envi-sign appear in Table 1 . A 2 (task transition: repetition or switch) 3 2 (stimulus on which the task was performed: S1 or S2) 3 4 (SOA: 0, 50, 100, or 150 msec) repeated measures ANOVA conducted on mean RTs showed significant main effects of task transition [F(1,15) Of primary interest in the present experiment was the effect of stimulus availability on task choice, measured in terms of the probability of performing the task associated with S1, or p(S1). As can be seen in Figure 1 , p(S1) values increased with increasing SOA between S1 and S2. The linear trend of SOA was significant [F(1,15) 5 10.2, MS e 5 0.009]. Across SOA the p(S1) values were significantly different from chance only for the two longer intervals. Examination at the level of individual subjects revealed that 13 of 16 showed a positive slope in p(S1) values across SOA and that average p(S1) values varied between .47 and .75. Thus the effect of SOA on task choice was both robust across subjects and small in size, ruling out the possibility that subjects used an explicit strategy to perform the task associated with S1 in order to speed responding.
These results demonstrate a significant relationship between stimulus availability and task choice in voluntary
The target stimuli for the even/odd task were the numbers 2-9 and for the consonant/vowel task were the uppercase letters A, B, C, E, I, L, U, and W.
procedure. Trials began with the onset of the fixation screen containing the fixation cross and placeholders for 1,000 msec. Then Stimulus 1 (S1) appeared, replacing one of the four placeholders. Following the SOA of 0, 50, 100, or 150 msec, manipulated within blocks, Stimulus 2 (S2) appeared at another of the placeholder positions. S1 was chosen from the letter and number tasks equally often. The identity and position of each stimulus were determined at random. Both stimuli and the remaining placeholders stayed on the screen until a keypress response was performed. Subjects responded using the index and middle fingers of both hands on the home keys of the keyboard. Responses for a given task were made with the same hand, and the specific S-R mappings were counterbalanced across subjects. The univalent responses allowed for classification of the task performed by the subject. Subjects completed practice blocks of 16 trials for each task and then received standard voluntary task switching instructions modeled after those published elsewhere (Arrington & Logan, 2004) : Subjects were instructed to perform each task equally often and in a random order. Subjects were not explicitly informed that the two stimuli might appear at different times and no further instructions regarding how to select which task to perform were provided. Following a block of practice with the voluntary task switching procedure, subjects completed 8 blocks of 64 trials.
results and Discussion
Trials were sorted into task conditions based on the hand with which the response was performed on trial n and into task transition conditions based on the task performed on trials n and n21. Overall accuracy was high, 97.7%. Trials on which subjects committed an error and the subsequent trial were eliminated for all analyses. For the RT analyses, all trials on which the RT was less than 150 or greater than 3,000 msec were trimmed. RT trimming resulted in the removal of 2.1% of the trials. RTs were calculated from the onset of the stimulus on which the task was performed, either S1 or S2. Significance testing was performed with α 5 .05.
Overall, subjects performed the two tasks equally often with a mean proportion of trials on which the letter task was performed of .506, which did not differ from the instructed value of .5 [t(15) 5 1.1, p . .1]. The analysis of task transition showed that subjects chose to repeat tasks slightly more frequently than expected by chance, .536; however, this value did not differ statistically from .5 [t(15) 5 1.2, p . .1]. This result is in line with previous voluntary task switching experiments where the repetition bias was small and did not differ from chance at longer RSIs such as that used in this experiment. 1 Taken together, these two analyses indicate that subjects were largely able to perform in accordance with the stated instructions.
Task performance measured in terms of RT showed standard switch costs (M 5 157 msec), with task repetitions being performed more quickly than task switches. Responses were slightly slower when the task performed was associated with S1 than with S2 (Ms 5 1,050 and 1,019 msec, respectively). Keeping in mind that the RTs were calculated from the onset of the stimulus on which the task was performed, this pattern is likely due to responding to S2 being less influenced by the presence of the other stimulus that onset before the RT interval for S2 responses began. Mean RTs for all cells in the de- Stimuli, Apparatus, and procedure. The tasks and experimental setup were identical to those of Experiment 1, except for the inclusion of a manipulation of RSI. The RSIs were 400 and 2,000 msec, thus bracketing the 1,000-msec RSI used in Experiment 1. RSI was manipulated within blocks. Subjects performed 14 blocks of 64 trials.
The data coding and trimming procedures were the same as in Experiment 1. Overall accuracy was 97.7%. RT trimming resulted in the removal of less than 1% of the trials. Again, subjects performed the two tasks equally often, with a mean proportion of trials on which the letter task was performed of .507, which did not differ from the instructed value of .5 [t(23) 5 1.7, p 5 .1]. Examination of the task transition probabilities showed a repetition bias at the short RSI but not at the long RSI, with repetition probabilities of .610 and .499, respectively. The effect of RSI on transition probabilities was significant [t(23) 5 9.2]. This finding replicates results from Logan (2004, 2005) .
The effect of task transition on RTs also replicated the standard preparation effect on switch costs. The switch costs were greater at the short RSI (M 5 171 msec) than at the long RSI (M 5 74 msec). The 157-msec switch cost found in Experiment 1 was similar in magnitude to the short RSI in the present experiment, suggesting that when subjects were exposed to only one RSI, they may have been "lazy" in preparing for a task switch (Altmann, 2004) . Table 2 provides RT data for each cell in the design. A 2 (RSI: 400 or 2,000 msec) 3 2 (task transition: repetition or switch) 3 2 (stimulus on which the task was performed: S1 or S2) 3 4 (SOA: 0, 50, 100, or 150 msec) repeated measures ANOVA performed on the mean RTs showed significant main effects of RSI [F(1,23) RTs were stable across SOA when the task was performed on S1 and decreased monotonically across SOA when the task was performed on S2. This decrease over SOA may have occurred because as the separation between S1 and S2 increased, the disruption in processing of S2 as a result of interference from S1 decreased. S1 processing would not see a similar change in RT over SOA, because S2 would always be appearing during the response interval for responses to S1. RTs were stable across SOA for task repetitions and decreased monotonically across SOA for task switches. The finding that SOA influenced RT only on switch trials may be indicative of a weaker task set on these trials, which would allow for more disruption of stimulus processing when the two stimuli appear at the same time. However, similar analyses in Experiment 1 failed to show any significant effects involving SOA, making the present interpretation subject to further investigation (see Yeung & Monsell, 2003 , for further consideration of how RT switch costs are influenced task switching environments. This finding provides clearer evidence of the influence of external factors on task choice than has been obtained in the previous analyses performed by Arrington and Logan (2005) and Mayr and Bell (2006) , who looked at the effect of stimulus repetition on the choice to repeat or switch tasks. In the present experiment, the parametric manipulation of SOA showed a highly linear relationship between stimulus availability and subjects' likelihood of performing a task. However, it is important to note that even at the longest SOA, the average p(S1) value was .6, suggesting that task choice is largely influenced by other factors. In addition, examination of the task transition effects showed that subjects' choices of task were not significantly different from chance in performance of task repetitions versus task switches. This finding suggests that subjects may be controlling task choice sufficiently to meet the instructions to perform tasks in a random order. These results suggest that both internal goal-driven and external stimulus-driven factors influence task choice. The present experiment systematically manipulated only the stimulus environment and was not designed to manipulate internal control, thus prohibiting the examination of any interaction between these factors.
ExpEriMEnT 2
Experiment 2 examined the relationship between internal and external factors affecting task choice. The procedure was the same as in Experiment 1, except for an additional manipulation of RSI to include short and long intervals between tasks. Manipulations of RSI influence task transition probabilities, with the repetition bias being greater at shorter RSIs (Arrington & Logan, 2004 ). Many models of task switching performance have proposed that the time between trials serves as a preparation interval (Meiran, 1996; Rogers & Monsell, 1995; cf. Logan, 2003 , for an alternative interpretation of the time-course effects). If during the RSI subjects are preparing for the upcoming task, preparation during voluntary task switching is likely to involve internal selection of the task goal for the upcoming trial. In the framework of ECTVA (Logan & Gordon, 2001) , this situation would correspond to both establishing the task-level representation, or task goal, and subsequently transmitting the parameterlevel representation to the subordinate systems. For shorter RSIs, there will be a larger proportion of trials on which this task selection process is incomplete when the stimuli appear, either because the individual has not formed an intention to perform a particular task or because the task set has not been established. This incomplete preparation on trials with shorter RSIs may lead to greater effects of external stimuli than on trials with longer RSIs, when subjects more often complete an act of internal task selection before the stimuli appear. If such a relationship exists between internal and external factors influencing task choice, the effect of SOA should interact with the manipulation of RSI.
Method
Subjects. Twenty-four individuals from the Lehigh University community participated for either partial course credit or $10. All subjects reported normal or corrected-to-normal visual acuity. slope for p(S1) values as a function of SOA, and average p(S1) values varied between .49 and .65 (400-msec RSI) and .46 and .63 (2,000-msec RSI).
The key result of Experiment 2 is the demonstration that the effect of stimulus availability on task choice is reduced when subjects have more time to prepare for the upcoming task. This finding is appealingly simple: If there has not been adequate time to form an internal task goal before the stimuli appear, then relative stimulus availability has a larger influence on task choice, pushing subjects toward more frequent performance of the task associated with S1. However, if there has been adequate time to form a task goal and establish a task set, then subjects are less influenced by stimulus availability. Once an internal task goal has been established, subjects may search for the target stimulus that affords the chosen task regardless of when it becomes available. This explanation suggests that task goals may serve as a guide for selection of task-relevant external informationan idea similar to the concept of attentional control settings, which has been studied extensively in the visual attention literature (Folk, Remington, & Johnston, 1992) .
These results provide a potential explanation for the different conclusions drawn in previous considerations of the role of external stimuli in directing task choice in voluntary task switching. Arrington and Logan (2005) found relatively weak evidence for the influence of external stimuli, whereas Mayr and Bell (2006) found much larger effects of stimulus repetition on task choice. Mayr and Bell used a 100-msec RSI, allowing very little time for subjects to form an internal task goal prior to the onset of the target stimulus. On the other hand, Arrington and Logan (2005) examined the effect of stimulus repetition over a range of RSIs from 100 to 1,000 msec. The variability in RSI, as well as the longer time intervals, allowing for more internal control over task choice, may have led to smaller effects of stimulus repetition in these experiments.
GEnErAl DiSCuSSiOn
The results of two experiments demonstrated an influence of stimulus availability on task choice. In a voluntary by relative interference between tasks that is manipulated by temporal asynchronies in stimulus onset). Figure 2 shows the average p(S1) values as a function of SOA, separated by RSI. The effect of SOA replicated the results of Experiment 1, showing the influence of external stimulus availability on task choice: As SOA increased, the p(S1) values also increased. RSI, manipulating the time to prepare for the upcoming trial, had the opposite effect: As RSI increased, the p(S1) values decreased. Importantly, the SOA and RSI variables interacted in such a way that the effect of SOA was smaller when the RSI was longer. A 2 (RSI: 400 or 2,000 msec) 3 4 (SOA: 0, 50, 100, or 150 msec) repeated measures ANOVA confirmed the significant linear trend in p(S1) as a function of SOA [F(1,23) The account of task choice based on competing heuristics is a useful verbal description of the cognitive processes involved in determining task choice in voluntary task switching. Ideally, however, a formal model of these processes should be developed, in which the relationship between internal and external factors is clearly specified. One candidate theory that may accommodate the present findings is ECTVA (Logan & Gordon, 2001 ). As noted above, both the external evidence for a categorization, η, and the internal bias toward making that categorization, β, are key parameters in defining the task set and in guiding task performance. Consideration of the process by which these parameters are set and how they determine the choice process may increase understanding of the mechanisms that underlie the present results. First, with regard to the basic stimulus availability effect, the appearance of the stimulus establishes the η value for that stimulus and categorization can begin. The onset of S1 initiates the race for the categorization of S1, and when the SOA is greater than 0, the race for the categorization of S1 begins earlier than that for S2. Thus, the likelihood that the response produced on that trial will be appropriate for the task associated with that S1 is increased, resulting in higher p(S1) values. Whereas the η values result from the external stimulus environment, other parameters within the task set, including the β values, are under the control of the executive. Once the executive has transmitted parameters to the subordinate systems, β values are set high for one task and low for the other task. Because the β and η values combine in a multiplicative fashion, high β values for one task will drive responding when both stimuli are present. According to ECTVA, the transmission of control parameters from the executive takes time. Thus, as the RSI increases, the proportion of trials on which the β values are set prior to the onset of either stimulus will increase. In this situation, the control parameters set by the executive may overcome the benefit of early onset of the categorization process for S1. In this way, the mechanisms of attention and categorization formalized in ECTVA may account for the relationship between stimulus availability and preparation time seen in the present research.
Other evidence also suggests an important role for basic visual attention processes in behavior in voluntary task switching environments. In a recent study of the neural basis of voluntary task switching, Forstmann, Brass, Koch, and von Cramon (2006) found evidence for a frontoparietal network differentially engaged in task choice over no-choice conditions. They interpreted the more anterior region of activation in the area of the midcingulate cortex as associated with the voluntary selection of a task set through a resolution of decision-making conflict, and the more posterior regions of activation in the superior parietal lobule and inferior parietal sulcus as associated with visual attentional selection processes. The importance of the visual attentional selection processes in performance in the task choice conditions raises an interesting possible interpretation of the present behavioral results. The onset of S1 may exogenously engage visual attention processes (Yantis & Jonides, 1990 ) and thus in a bottom-up fashion influence key processes necessary for performance in the task switching environment where two stimuli appeared with varying SOA, performance of the task associated with the first stimulus to appear increased as the SOA between the two stimuli increased. This effect of external stimulus availability was reduced when subjects had longer to prepare for the upcoming trial. The findings from these two experiments demonstrate effects of both external stimuli and internal preparation on task choice in multitask environments.
The combination of external, or stimulus-driven, and internal, or goal-directed, influences on behavior has been studied in varied cognitive domains, such as visual attention (Yantis & Jonides, 1990 ) and attention to action (Norman & Shallice, 1986) . These two factors are considered prominently in theorizing about performance in standard task switching environments. Numerous researchers have proposed mechanisms underlying switch costs caused by external factors (Allport & Wylie, 2000; Waszak, Hommel, & Allport, 2003) , internal factors (Meiran, 1996) , or both (Rogers & Monsell, 1995; Ruthruff, Remington, & Johnston, 2001 ; for recent reviews, see Logan, 2003; Monsell, 2003) . Although the specific mechanisms proposed in these studies differ, the focus has been on explaining the slower and less accurate performance that occurs on task switches relative to task repetitions. The present research examined the influence of internal and external factors on task choice as well as on task performance. Arrington and Logan (2005) argued that the voluntary task switching procedure must necessarily involve internal control of task choice, because, unlike in other task switching paradigms, the task identity is not cued by the experimenter. Furthermore, they suggested that choice probabilities may involve a competition between a representativeness heuristic and an availability heuristic. The representativeness heuristic involves comparing the previous n trials in working memory with an internal concept of a random sequence and selecting the next task in order to make the series most representative of this concept of randomness (Rapoport & Budescu, 1997) . The availability heuristic results in task choice driven by habitual or more easily retrieved responses (Baddeley, Chincotta, & Adlam, 2001 ). The availability heuristic may result in a repetition bias due to the greater availability of the recently performed task set. The present findings may be reconciled to the description of Arrington and Logan (2005) in the following way. The representativeness heuristic requires consideration of the recent trials in working memory and matching the current trial sequence to the internal representation of a random sequence. It takes time and requires internal control to carry out this process, and this requires internal control. However, this process should be uninfluenced by the manipulation of stimulus availability. The availability heuristic may incorporate the influence of the external environment. When the stimulus affording a particular task appears, it may increase the availability of that task set. Arrington and Logan (2005) suggested that these two heuristics may function in parallel, with the more rapid availability heuristic having a greater influence at shorter RSIs. The results from Experiment 2, showing a larger effect of stimulus availability at the shorter RSI, would support this view.
